Introduction
The goals of mechanical ventilatory support are to provide unloading of the respiratory muscles and medical gas to sustain life. Patient-ventilator interaction is complex and multifactorial, as it is dependent upon respiratory system conditions, various disease states, neural function, and clinical input. 1, 2 When optimized, patient-ventilator interaction can provide patient comfort during positive-pressure breaths. However, harmful patient-ventilator interaction can occur if the patient and the ventilator are not synchronous. This asynchrony may lead to increased respiratory muscle work load, elevated sedation need, longer duration of ventilation, higher oxygen consumption, and potentially injurious pulmonary pressures. [3] [4] [5] [6] Patients with greater asynchrony have worse outcomes and longer duration of ventilation, [3] [4] [5] [6] [7] so optimizing and maintaining synchrony is very important.
The mechanical ventilator breath can be separated into 2 parts: inspiratory phase and expiratory phase. At the end of inspiration, gas flow ceases, and the breath is switched into exhalation. This transition point from the inspiratory phase to the expiratory phase is termed "cycling." Simply, the inspiratory phase is cycled into expiration when gas flow ceases from the mechanical ventilator and expiratory flow begins. Many settings on the mechanical ventilator induce cycling, such as preset volume, time, and flow. Recent advances in mechanical ventilator design allow clinicians to have a greater role in cycling assessment and manipulation. Cycling has also been termed "expiratory trigger," "inspiratory termination criteria," and "inspiratory flow termination."
While much attention has focused on the inspiratory phase, the purpose of this report is to examine the cycling and expiratory phase of the mechanical ventilator breath. Other important topics include premature cycling, delayed cycling, and the ramifications of expiratory asynchrony.
Cycling Mechanisms
The cycling of a mechanical ventilator breath occurs after a set value is reached. These values are often referred to as "cycle variables." 8 All mechanical ventilator breath types are governed by cycling variables. Four variables are used to determine when to cycle to exhalation: pressure, time, volume, and flow.
Pressure Cycling
When a certain pressure threshold is reached, inspiration is cycled into exhalation. The most common application for pressure cycling is for alarm settings. If a patient becomes extremely asynchronous or coughs, the highpressure alarm may be triggered and the inspiratory phase ends, resulting in exhalation. Pressure cycling can be viewed as a safety feature to avoid elevated and sustained inspiratory pressure.
Time Cycling
Time cycling indicates that the mechanical ventilator breath switches from inspiration to expiration after a set time threshold is reached. This can be accomplished by setting the respiratory rate, inspiratory time, or inspiratoryexpiratory ratio. Many ventilators terminate the inspiratory phase after a certain timeframe: typically 3-5 seconds.
Volume Cycling
With conventional volume-targeted breaths, inspiration stops once the target volume is delivered. The ventilator cycles to expiration once a set tidal volume has been delivered. Volume cycling is only adjustable as the clinician sets a tidal volume to be delivered or a maximum tidal volume alarm setting.
Flow Cycling
While other forms of cycling are essential and inherent to mechanical ventilation, flow cycling has received the most attention and has been the subject of numerous clinical investigations. [9] [10] [11] [12] [13] [14] [15] [16] The reason for multiple studies of flow cycling is attributed to the universal adoption of spontaneous breathing modes such as pressure-support ventilation (PSV). 17 During PSV the patient both triggers and cycles the breath (Fig. 1) . 18, 19 The algorithms used to cycle PSV breaths had traditionally been fixed at a certain percentage of peak inspiratory flow, meaning that when the patient's inspiratory flow decreases to a predetermined level, historically 25% of peak inspiratory flow, the breath would cycle into exhalation. For a given tidal volume, the expiratory flow waveform is determined by patient mechanics (ie, effort, resistance, and compliance) and thus varies considerably from patient to patient and from breath to breath. Therefore, a fixed cycling threshold percentage of peak flow will result in a wide range of flows at the moment of cycling, providing a sort of "one size fits all" strategy. Because of that fixed criterion and lack of adjustment to match cycling to variable patient conditions, large bodies of evidence on the topic were not available until recently. However, it has been recognized that this fixed cycling criterion (percent flow) is influenced by many factors, including time constants of the respiratory system, the level of pressure support, and possible remaining inspiratory effort at the end of the breath (Fig. 2) .
Another consideration for cycling criteria is the presence of air leaks from, for instance, bronchopleural fistula, cuffless airway, partially inflated endotracheal tube cuff, or mask during noninvasive ventilation. If the leak exceeds the set cycling flow, either active exhalation or a prolonged inspiratory time will occur.
After numerous accounts of expiratory asynchrony, mechanical ventilator manufacturers created features that allow adjustment of flow cycling. The PSV flow-cycle threshold is adjustable on current mechanical ventilators, and the flow-cycling setting has various trade names (Table 1) , though none of them are referred to as "flowcycle threshold," which adds to the confusion of terminology related to mechanical ventilators. The flow-cycling criterion is different on various ventilators, with a range of 1-80% of peak flow. Adjustments in flow cycling can dramatically alter the graphics waveforms (Fig. 3) and the airway and esophageal pressure, reflecting patient effort. This may be confusing to the bedside clinician, as many of the other settings have universal labels, such as tidal volume, PEEP, and F IO 2 , but cycling is unique to each device. To provide safe and consistent care, it is imperative to patient-ventilator interaction for clinicians to be familiar with and fully understand the cycling operation for each ventilator. Although there is no consensus on the absolute setting of the flow-cycling criterion, it should be adjusted to enhance patient comfort and synchrony. As with all other mechanical ventilator settings, it is paramount to match the appropriate flow-cycling criterion with the specific underlying pathophysiology. Patients with obstructive disease (asthma or COPD) require different cycling criteria than those with acute lung injury or other forms of lung impairment.
Optimal synchrony is achieved by adjusting the flowcycling setting while observing patient effort and interpreting the mechanical ventilator graphic waveforms. 7, 19, 20 This requires the clinician to adjust the flow-cycle setting and then reexamine the patient and ventilator waveforms. Currently there are no evidencebased guidelines on adjusting cycling. However, available evidence suggests cycling-criterion adjustments of Ϯ 5%, while observing the ventilator waveforms, pa- 3. Avoid premature termination of the breath. 4. Observe the patient for signs of asynchrony. The optimal cycling setting may change over the course of the patient's mechanical ventilation, so the cycling criterion must be evaluated frequently and as the patient's condition changes.
Advanced software designed to eliminate expiratory asynchrony during PSV has been described by Du et al, 15 and is based on a mathematical model that automatically adjusts the flow-cycling threshold based on data from previous breaths. 12 
Premature Cycling
Most scientific study of mechanical ventilation cycling focuses on delayed cycling. However, premature breath cycling may also have detrimental effects on patient-ventilator synchrony. Premature cycling is simply when the ventilator terminates the breath while the patient requires a longer inspiratory period. During premature cycling, inspiratory muscles continue to contract, causing the mechanical ventilator to sense a second effort, and possibly resulting in a second breath, commonly referred to as "stacking of breaths" or "double triggering." The consequence of this type of asynchrony may be decreased tidal volume, increased inspiratory load, and inaccurate display respiration of respiratory rate; more concerning is a tidal volume much higher that what is set, thus resulting in possible injurious volume.
Tokioka et al evaluated the effects of PSV cycling in patients recovering from acute lung injury, with flow-cycling at 1%, 5%, 20%, 35%, and 45% of peak inspiratory flow. 21 The main finding was that the higher flow-cycling percentages resulted in premature breath termination, double-triggering, lower tidal volumes, higher respiratory rate, and higher work of breathing.
Delayed Cycling
Optimal assistance of spontaneous breaths would require cycling to correspond to the end of the patient's neural inspiratory effort. The presence of active expiratory effort before the cycle criterion is met is termed "delayed cycling" (Fig. 4) . Clinically, delayed cycling can be as subtle as graphical abnormalities to as extreme as a complete asynchrony requiring an increase in sedation medication.
Delayed cycling is typically described in patients with COPD, [22] [23] [24] in whom the inspiratory flow reduction is less, due to dynamic hyperinflation, airways resistance, and lung compliance. This abnormal prolongation of inspiration reduces the time available for the expiratory flow, increasing the dynamic hyperinflation and the patient's work of breathing (Fig. 5) . 25 The adverse effects of delayed cycling are summarized in Figure 6 . While delayed cycling has many negative ramifications, intrinsic PEEP may be the most deleterious. In addition to expiratory synchrony, intrinsic PEEP, in some form of air trapping, may also be the cause of trigger asynchrony. The patient will require various levels of added effort to inspire through the intrinsic PEEP to reach the triggering threshold and activate the breath.
Expiratory Asynchrony
Expiratory asynchrony can be identified as the delay in the relaxation of the expiratory-muscle activity prior to the next mechanical inspiration. Simply, there is an overlap between expiratory and inspiratory activity. Ideally this would be identified with neural measurements, but these measurements are not readily available, and so clinicians must instead rely on careful analysis of ventilator graphic waveforms and patient assessment (Fig. 7) . 24, [26] [27] [28] [29] In the condition of expiratory asynchrony, the termination of the ventilator flow occurs either before or after the patient stops the inspiratory effort. Expiratory asynchrony causes patient discomfort and unnecessary inspiratory and expiratory patient work. Tassaux et al studied 10 intubated COPD patients with flow-cycle settings of 10%, 25%, 50%, and 70% of peak inspiratory flow. 16 Increasing the flowcycle setting to greater than 25% of peak inspiratory flow decreased the duration of pressurization; reduced delayed cycling without causing premature cycling; and reduced intrinsic PEEP, trigger delay, the magnitude of inspiratory effort required to trigger the ventilator, and the number of nontriggered breaths. Conversely, decreasing the cycling criterion to less than 25% worsened patient-ventilator asynchrony. This clearly demonstrated the need for continuous monitoring and adjustment of the flow-cycling criterion to optimize patient-ventilator interaction.
Summary
Substantial progress has been made in the understanding of patient-ventilator interaction. It has become increasingly recognized that cycling is an important determinant of optimal patient-ventilator synchrony. Cycling of the mechanical breath has gained the attention of both ventilator manufacturers and clinicians. There have been advances in technology, monitoring, and assessment, and, in light of the increasing use of PSV, this heightened understanding has become crucial in the everyday clinical management of mechanically ventilated patients. Proper adjustment of cycling is crucial to improve patient-ventilator synchrony and decrease work of breathing. Mechanical ventilator design in the future should include some form of automation control for cycling, to meet changing patient conditions.
The various key phases and pitfalls of a ventilator-assisted breath should be understood to reduce unnecessary respiratory muscle work load and improve patient comfort. Special attention should be paid to patients undergoing mechanical ventilation in problems encountered in intubated patients. research in which we did just that, with an ASL 5000 lung model. 1 The Newport automated approach was as good as our fine-tuning of pressure support with other ventilators. The triggering, rise time, and termination criteria were set as best we could, and the Newport's automated approach was pretty much equivalent to what we could do manually. 
Epstein: Can you describe the mechanism?
Kacmarek: It's a mathematical model that looks at resistance and the time constant for flow deceleration.
Branson:
If I remember right, it measures the time constant and, I think, it splits the length of the time constant. So, if you have a prolonged time constant, it starts you at 50% of the initial peak flow rate, and then it continues to measure the time constant and in-creases or decreases it every couple breaths by 5%, I think. At the same time, it looks at that last 80 milliseconds of inspiration, and if the pressure rises above the set pressure support, then it further backs it off. I think the maximum may only be 60%.
Epstein: I think it analyzes the end of the airway pressure tracing. If that rises about 0.8 cm H 2 O, it changes the cycle criterion to shorten the mechanical inspiration, whereas if it's less than a 0.2 cm H 2 O rise, it lengthens the mechanical inspiration.
Kacmarek:
It also looks at the rise time.
Gentile: Yes, it looks at the inspiratory side.
Branson: I think it's that they're separate, but that ventilator automatically adjusts the rise time and the cycle.
Gentile: Correct.
Chatburn: Do you know how they estimate the time constant? Is it the inspiratory or expiratory time constant?
Branson: I believe it's inspiratory.
Chatburn: How do they get it?
Branson: I think it has a flow sensor at the airway.
Kacmarek: I think it's actually the expiratory time constant.
Branson: Is it? I'll take your word on it; expiratory makes more sense.
Kacmarek: They look at passive decay during the expiratory phase.
Gentile: Their Web site clearly states that it's patented.
Younes:* We know from the PAV [proportional assist ventilation] experience that when you synchronize the end of the cycle, you automatically eliminate pretty much all ineffective efforts and you get one-to-one relationships between the patient rate and the respiratory rate. So improving cycling would automatically lead to rapid shallow breathing in patients who have an intrinsic high respiratory rate, independent of the level of assist. Before we jump on improving cycling, we have to struggle with the idea that we have to accept rapid shallow breathing as a physiologic response. What do you say about that? Are you willing to accept that if you synchronize the end of expiration properly and the patient has a respiratory rate of 40 breaths a minute, he's going to drop his tidal volume to match his ventilatory demand. Are you willing to accept that? Because that's the tradeoff. Gentile: Right, because a lot of time on a ventilator you'll have intrinsic PEEP associated with a patient with a high respiratory rate because the patient can't exhale completely, even with an active expiratory valve.
Younes:
If you don't lower tidal volume but you have a smaller tidal volume, basically the intrinsic PEEP is primarily related to the minute ventilation in a given patient. And minute ventilation doesn't change, it's just that they switch to a synchronous rate of 40 breaths a minute with tidal volume half of what it was at 20 breaths a minute, but the intrinsic PEEP doesn't change. But is that an acceptable solution to the problem?
Gentile: A rate of 40 is probably going to make a lot of people nervous.
Kacmarek:
Magdy, that doesn't always happen; even when we switch to PAV from ineffective pressure support, we don't always see the respiratory rate going that high.
Younes:
No, but there is a subset of patients who have a high intrinsic respiratory rate, and they will drop their tidal volume if the ventilator rate tracks their own high intrinsic rate. I agree with you that the majority of patients are fine.
Kacmarek:
I took what you said to mean that any time you correct the inspiratory cycling, you end up with a rapid shallow breathing pattern. Gentile: So if you set a higher gain, can you slow them down?
Younes:
The breathing pattern on PAV is independent of the percent assist.
Kallet: I'm glad you added the point about the patient not being in distress, because I think you have to take all of this within a specific context. The 2 archetypes are, someone in distress who has COPD, versus someone with ALI [acute lung injury]. In either situation I'm not so sure the patient's native pattern is the best. When an organism is in distress, the mechanics are altered, gas exchange is highly abnormal, and respiratory muscle function is pushed to the limit. The organism is trying to do whatever it can to survive and prevent imminent collapse, so the breathing pattern may not be the "wisdom of the body," but just the organism making a "last-ditch effort" at survival. In that case, the clinician may be better than the patient.
In patients with respiratory rates of 50 or 60 breaths a minute, I would not let an acutely ill hypotensive patient with COPD and respiratory acidosis breathe at 50 or 60 breaths a minute, and I sure as hell wouldn't want the ventilator to capture that. I think there always has to be clinician involvement in overseeing any type of closed-loop ventilation to make sure that those problems don't occur.
There is a misconception that a high intrinsic respiratory rate is always a sign of distress. It is obviously a sign of distress, because when people are in distress, they increase their respiratory rate. But if you study the control of breathing, there are so many other reasons for an increase in respiratory rate other than distress.
The best proof in an ICU patient is if you take a patient who has a high intrinsic rate on low pressure support or PAV and put the catheter in and measure their diaphragm excursions and then give them more and more pressure support, you'll see their diaphragm pressure amplitude go down-20, 15, 10, 5, 4 -until they're almost apneic, and they're breathing at exactly the same rate. So how can that rate be a manifestation of distress? You've helped them as much as you could, and their efforts now are so small but it's the same rate, so obviously in that patient the high respiratory rate is not a manifestation of distress, but of other chemicals and neuromodulators.
Kallet: I agree. I think tachypnea as a manifestation of someone who's recovering from illness is not the same as in someone who is unstable and in distress. I have a lot more latitude with tachypnea in patients who are recovering and trying to wean than in someone who is getting worse. I think we're actually agreeing.
Chatburn:
As long as we're talking about whether a high respiratory rate is "normal" or natural, I'll point out that animals pant all the time and they seem to do quite well. I looked at the veterinary literature and found nothing about panting being associated with volume delivery or lung mechanics: it's all about heat exchange.
Pierson: I think the whole field of mechanical ventilation suffers from widespread terminologic gobbledygook, and I'm afraid we're seeing some of it today, or at least it's coming across that way to me. This is not germane to what we were just talking about, but in general and for the remainder of the conference, is asynchrony the same as dyssynchrony? Are they synonyms?
Epstein: For our purposes, I think you should consider them synonyms. You're absolutely right: numerous terms are used to describe the same thing, and 2 authors might use the same term to describe slightly different things. I'm not sure "dyssynchrony" is in the Oxford English Dictionary.
Branson:
It's not.
Epstein:
But it was coined a number of years ago.
Gentile: They're both in PubMed.
Epstein: It's like atelectrauma.
Pierson: So we would kind of agree that when you went through your list of the different manifestations and different forms of thisEpstein: I was using them interchangeably.
Pierson: OK, and you're using them specifically.
Epstein: And I was merely quoting the literature, because they're used interchangeably by authors.
Pierson: And can we agree that "cycling" and "expiratory triggering" and "breath termination" are the same thing?
Gentile: Yes.
Pierson:
Exactly the same? Synonymous?
Gentile: Right. The papers and chapters use "cycling" as the heading but they use many different words for the same thing.
Pierson: I hope someone someday will come up with a better term than rise time. It's anachronistic, the bigger your rise time, the shorter the time you have.
Gentile: Some people call it pressure slope.
Branson: Mike, I just looked it up, and the Newport algorithm allows a change from 10% to 55% in the flex cycle automated selection of the percentage of peak inspiratory flow that terminates the breath.
